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Abstract 9 

Genetically engineered sheep and goats represent two useful models to be applied in proof of 10 

concept of new insights, large-scale production of novel products or processes, and 11 

improvement of animal traits, which is of interest in biomedicine, biopharma and livestock. 12 

This disruptive technology arose in the 80s by injecting DNA fragments into the zygote 13 

pronucleus. Pronuclear microinjection was the technique that set the insight into people’s mind; 14 

but it has technical limitations, low efficiency and is in some cases frustrating. Somatic cell 15 

nuclear transfer (SCNT) launched the second wave in the 90s, solving several weaknesses of 16 

the previous technique by making feasible the transfer of a genetically modified cell into an 17 

enucleated oocyte, capable of cell reprograming to generate a GE animal. Important advances 18 

were also achieved during the 2000s with the arrival of new techniques like lentivirus system, 19 

transposons, RNA interference, site-specific recombinases and sperm mediated transgenesis. 20 

We are now living the irruption of the third technological wave in which genome edition is 21 

possible by using endonucleases, particularly the CRISPR/Cas system. Sheep and goats were 22 

recently produced by CRISPR/Cas9, and surely cattle will be reported soon, and we will see 23 

new GE farm animals produced by homologous recombination, multiple gene edition in one-24 

step generation, conditional modifications, among other challenges. In the following decade, 25 

the possibilities for the edition of the genome will hopefully not depend on the technical 26 
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feasibility, making it available for more researchers and laboratories, affordable for more 27 

companies, and probably will be useful for more people around the world.     28 

 29 

Key words: Genome edition, Transgenesis, ZFN, TALEN, CRISPR 30 

 31 

Introduction 32 

During the recent years the techniques to produce GE animals have been significantly improved 33 

as well as novel strategies are now available. Nowadays the possibilities to modify the genome 34 

of the animals are cheaper, easer, more effective and less time-consuming than some years ago. 35 

Sheep and goats represent two interesting models for the application of this technology and the 36 

achievements are also useful as reference for others species. After the first mice generated by 37 

pronuclear microinjection in 1981 (Gordon and Ruddle, 1981), sheep were one of the first 38 

reported farm animals subjected to genetic modification by Hammer et al. in 1985 (Hammer et 39 

al., 1985). After Dolly, the first animal in history to be cloned from an adult cell, the first 40 

transgenic animals produced by nuclear transfer in 1997 were also sheep (Schnieke et al., 41 

1997). Some years later, goats were the first species in which a derived product of GE animals 42 

(ATryn®) was approved for human use by the European Medical Agency in 2006 and by the 43 

US Food Drug Administration in 2009. These representative milestones are indicatives of the 44 

relevant contribution that sheep and goats have done to the transgenic technologies during more 45 

than 30 years. Since pioneer and recent novel advances have been achieved in both species, an 46 

integrative overview of the state of the art and new insights are summarized in this review.  47 

 48 

Laparoscopic ovum pick-up (LOPU) and embryo production 49 

Advanced reproductive technologies play a critical role in the generation and propagation of 50 

transgenic founder animals. Multiple strategies are available for genome editing but the starting 51 
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point for the generation of the founder animals is the acquisition of high quality oocytes and/or 52 

zygotes (Figure 1). The obtaining of the oocytes from abattoir ovaries sometimes represents a 53 

valid alternative for research projects. However, this is not possible for the establishment of an 54 

industrial program of GE animals in which a known health status of the donors is required. In 55 

small ruminants, despite of initial reports utilizing in vivo produced zygotes for pronuclear 56 

microinjection (Ebert and Schindler, 1993) and in vivo matured (ovulated) oocytes for nuclear 57 

transfer (Baguisi et al., 1999); LOPU and in vitro embryo production (IVEP) are currently well 58 

established as the methods of choice for the production of putative transgenic embryos for 59 

transfer into recipients, as part of various founder generation strategies (Baldassarre et al., 60 

2002).  61 

In sheep and goats the method of choice for the generation of transgenic animals was initially 62 

the microinjection of in vivo produced zygotes recovered from the oviduct 15 to 20 h after the 63 

estimated time of fertilization. Although this method results in zygotes of high developmental 64 

capacity, the procedure is characterized by a great deal of variability in the number and stage of 65 

development of ova recovered per donor. In addition, due to adhesion formation following 66 

laparotomy and limitations imposed by animal care organizations, the procedure results in 67 

limited repeat use of the donor animals (up to 4 times). More recently, transgenic goats were 68 

efficiently produced by microinjection of zygotes produced in vitro starting from immature 69 

oocytes sourced by LOPU (Baldassarre et al., 2003a). This procedure has demonstrated to be 70 

more efficient as it yields a higher average of pronuclear-staged zygotes for microinjection, 71 

similar rates of pregnancy and transgene integration, extends the usable life of donors 72 

(minimally invasive compared to laparotomy for oviduct flushing) and allows transgenic 73 

founder generation from gametes recovered from animals of known health status (advantage 74 

over in vitro zygotes from abattoir ovaries).  75 

In order to maximize the number and quality of oocytes collected per donor, the females need 76 

to be synchronized and hormonally-primed in preparation for LOPU. Estrus synchronization is 77 
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most often induced by means of progesterone or progestogen-containing intravaginal devices 78 

(e.g. CIDR; sponges) that are applied usually for 9-11 days, together with a luteolytic dose of 79 

prostaglandin F2 alpha or analog (e.g. cloprostenol) at the time of initiating gonadotropin 80 

treatment. Several treatments have been proposed for stimulation of follicular growth prior to 81 

LOPU, the two most popular been a Multiple FSH injection regime and the so-called Oneshot 82 

regime (Baldassarre et al., 1996; Baldassarre et al., 2002). Following these protocols, the 83 

expectation is that oocyte recovery will be at an average of ~10 oocytes per ewe and/or 14 84 

oocytes per doe. 85 

LOPU is conducted under general anesthesia with the female lying securely on a laparoscopy 86 

table. The recommended laparoscopy equipment consists of a 5 mm, 0° angle telescope, two 87 

5.5 mm trocar/cannula sets (one for the laparoscope and one for the forceps), one 3.5 mm 88 

trocar/cannula set for the aspiration pipette; a 5 mm atraumatic grasping forceps; a fiber optic 89 

cable and a light source. The oocyte aspiration set consists of a collection tube with an inlet 90 

connected through tubing to the aspiration pipette and an outlet connected through tubing to a 91 

vacuum pump. The aspiration pipette consists of a 20G short bevel needle glued to the tip of a 92 

30 cm-long acrylic tubing, with a 3mm external diameter and 1 mm internal diameter. While 93 

looking through the laparoscope, the ovarian surface is exposed by pulling from the fimbria in 94 

different directions using the forceps, and the follicles are punctured one by one using the 95 

aspiration pipette. For a trained team, in average it takes about 15-20 minutes per donor 96 

(including preparation).  97 

Following LOPU the oocytes are subjected to in vitro maturation (IVM) which is conducted 98 

following standard operating procedures previously described (Baldassarre et al., 2002; Crispo 99 

et al., 2015). After IVM, the matured oocytes can be used as recipient cytoplasts for cell 100 

transfer or they can be subjected to in vitro fertilization (IVF) in order to generate zygotes 101 

(Figure 1). IVF is conducted in TALP medium (Parrish et al., 1986) in goats and in mSOF 102 

medium (Tervit et al., 1972) in sheep, in both cases supplemented with 2-20% estrus goat/sheep 103 
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serum, following standard operating procedures previously described for both species 104 

(Baldassarre et al., 2002; Crispo et al., 2015).  105 

Subsequent to fusion and activation in the case of SCNT, or after DNA/RNA microinjection 106 

into zygotes, or after sperm injection and activation when intracytoplasmic sperm injection 107 

(ICSI) is used for gene transfer (Figure 1), the embryos must be cultured in vitro for variable 108 

lengths of time depending on the strategy, prior to transfer into recipients. In vitro culture (IVC) 109 

is conducted in mSOF medium following standard operating procedures previously described 110 

for goats (Baldassarre et al., 2002) and sheep (Crispo et al., 2015).  111 

Putative transgenic embryos need to be transferred into synchronized recipients for further 112 

development to term. Recipients must be synchronized to be in estrus around the same time as 113 

in vivo zygote donors, or the time of IVF for in vitro produced zygotes, or the time of cell 114 

transfer and fusion for SCNT. The stage of embryos at transfer varies with species and 115 

preferences. In cattle it is always preferred to culture the embryos in vitro to a compact 116 

morula/blastocyst stage of development, in order to transfer the embryos non-surgically 117 

(transcervical) into the uterus of synchronized recipients. However, in species were the embryo 118 

transfer technique is surgical (e.g. pigs, sheep, goats) preference dictates the choice between 119 

early transfer into the oviduct (day 1-2 embryos) vs. late transfer into the uterus (day 6-7 120 

embryos). Those who advocate for longer culture period will argue that it allows selecting the 121 

best suited embryos for transfer thereby needing fewer recipients. However, in the big scheme 122 

of things, in large programs and looking at offspring born as main success indicator, we believe 123 

that more offspring are born when early embryos are transferred into the oviduct and “Mother 124 

Nature” is used as incubator (Baldassarre et al., 2002).  125 

 126 

Pronuclear microinjection 127 

The injection of multiple copies of a DNA construct into the pronuclei of zygote-staged 128 

embryos has been the method of choice for the establishment of transgenic founder animals for 129 
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many years (Hammer et al., 1985; Ebert and Schindler, 1993). While the procedure is 130 

somewhat reliable, usually it was much less feasible than in mice and rather inefficient (<10% 131 

transgenic offspring, unpredictable integration and expression), making it costly and time 132 

consuming. Prior to microinjection, the ovine/caprine zygotes are typically centrifuged in order 133 

to stratify the cytoplasm and allow better visualization of pronuclei. The procedure is conducted 134 

using a micromanipulator setup on an inverted microscope with Normaski optics. Under 400 x 135 

magnification, one by one, zygotes are hold in position using the micromanipulator’s holding 136 

pipette and the DNA construct is delivered into one of the two pronuclei of the zygotes using 137 

the microinjection pipette. Successful injections are judged by observing the expansion of 138 

pronuclei to about 50% increase of original diameter. Although pronuclear microinjection was 139 

the unique available technique to produce transgenic founders during 80s and 90s, new tools 140 

are currently available (Figure 1).   141 

 142 

Somatic cell nuclear transfer for transgenesis 143 

Following the birth of Dolly the sheep (Wilmut et al., 1997), SCNT was quickly proclaimed the 144 

method of choice for the generation of transgenic sheep (Schnieke et al., 1997), cattle (Cibelli 145 

et al., 1998), goats (Keefer et al., 2001) and pigs (Park K.  et al., 2001). Using this method, 146 

gene modification is implemented by incorporating the DNA construct into the cell’s genome 147 

while in culture, allowing  the transgenic cells to be fully characterized (site of integration, 148 

number of integrated copies and integrity of the transgene) prior to use in the generation of 149 

embryos by nuclear transfer. As a result, although the developmental capacity of 150 

“reconstructed” NT-embryos is lower, all the offspring born should be transgenic making this 151 

technology much more efficient than pronuclear microinjection (Table 1). 152 

Multiple cell types have been used for the generation of transgenic animals using SCNT, 153 

however the most popular are fetal fibroblasts followed by adult skin fibroblasts and cumulus-154 

granulosa cells (Baldassarre et al., 2003b). Primary and low passage cells lines are preferred for 155 
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transfection of the DNA expression vectors using lipid-mediated gene transfer (e.g. 156 

Lipofectamine®). Single colonies are selected following culture in G418 (Geneticin, 157 

Invitrogen, Carlsbad, CA, USA) supplemented medium for 8-12 days. There has been 158 

considerable controversy as to whether it is better to synchronize donor cells in a growth 159 

arrested state (G0) or in a proliferating state (G1). Serum starvation (low serum conditions) was 160 

initially used to synchronize cells in G0 but can have detrimental consequences, such as 161 

induction of DNA fragmentation (Kues et al., 2000). Alternatively, cells can also be 162 

synchronized by prolonged culture at confluence (G0 arrest).  163 

In small ruminants, initial work was conducted using in vivo matured (ovulated) oocytes 164 

collected by means of a surgical flushing of the oviduct (Baguisi et al., 1999). This procedure is 165 

very invasive and results in variable numbers and stages of maturation of oocytes, so it was 166 

quickly replaced by the use of in vitro matured oocytes collected from gonadotropin-stimulated 167 

donors using LOPU. The demonstration (Peura et al., 2003) that there were no differences in 168 

the use of in vitro vs. in vivo matured oocytes in sheep nuclear transfer programs, proved that 169 

there was little -if any- advantage in using in vivo matured oocytes as recipient cytoplasts.  170 

Matured (MII staged) oocytes are stained with Hoechst 33342, enucleated under short exposure 171 

to UV light, and used as recipient cytoplasts. Alternatively, the oocytes can be cultured for 1h 172 

in media containing demecolcine in order to visualize the position of the MII plate and remove 173 

the chromosomes by aspiration with a microinjection needle. Individual donor cells are 174 

transferred into the perivitelline space of the enucleated oocytes, followed by fusion of the 175 

oocyte-cell couplets using an electric pulse that can be repeated, if needed, 30-60 minutes later. 176 

Following fusion the reconstructed embryos are activated using calcium ionomycin and 177 

cycloheximide. Finally, embryos are cultured until transferred to synchronized recipients, using 178 

standard in vitro cultured media and conditions (Baldassarre et al., 2003b).  179 

The generation of a live GE animal resulting from SCNT embryos is extremely useful but has a 180 

relative low efficiency and is prone to developmental anomalies. Lower than 10% of transferred 181 
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embryos resulting in live offspring is usually obtained. Abnormal epigenetic programming have 182 

been detected in clones that fail during gestation or have development anomalies, an issue that 183 

should be resolved if SCNT efficiency is intended to be improved (Long et al., 2014). In a large 184 

data set compiled with >300 cloned kids born from over 40 different cell lines, Baldassarre et 185 

al. (2003b) reported that the largest source of variation in the success was related to the donor 186 

cell line. Pregnancy establishment and maintenance, as well as neonatal viability rates were 0–187 

89% for initial pregnancy, 0–67% for pregnancy after 60 days, 0–67% for maintenance of 188 

pregnancy to term, and 0–67% perinatal kid mortality. 189 

 190 

Transgenesis mediated by lentivirus 191 

Lentiviral vectors (LV) emerged several years ago as active transgenesis (Lois et al., 2002; 192 

Pfeifer, 2004) based in the intrinsic ability of the virus to integrate into the host genome. For 193 

this purpose the genome of the LV is splitted into multiple fragments to avoid the formation of 194 

replication-competent viruses (Park F., 2007). The most commonly used are the human 195 

immunodeficiency virus type 1 (HIV-1), simian immunodeficiency virus (SIV) and equine 196 

infectious anemia virus (EIAV) derived vectors. Since they are able to efficiently integrate into 197 

the genome of dividing and non-dividing cells with lower gene silencing than other strategies 198 

(Pfeifer et al., 2002), this tool was rapidly tested with success in several large species such as 199 

pig, cattle, and also sheep (Ritchie et al., 2009; Crispo et al., 2015). Some of the main strengths 200 

of this technique are the easy injection of the LV into the perivitelline space, the low injury for 201 

embryo development, and the high efficiency to produce transgenic animals in a couple of 202 

injection series.  203 

Some models have been successfully produced using LV transgenesis in sheep. In an 204 

interesting sheep transplantation model developed by Ritchie et al. (Ritchie et al., 2009), the 205 

high transgenesis rate achieved by LV was combined with embryo splitting to obtain 206 

monozygotic twins, one of which would be transgenic and useful for regenerative studies. In 207 
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this report, 33.3% of GFP blastocysts were obtained in vitro. After embryo transfer, two sets of 208 

twins were born, one of which had a transgenic and a non-transgenic lamb. Overall, 12% of 209 

split co-cultured embryos resulted in a transgenic lamb. Following reports with unsplit embryos 210 

showed a transgenic efficiency of 52% of live births for 6 different transgenes in sheep (Lillico 211 

S. et al., 2011). The production of transgenic sheep with this technology has been very efficient 212 

in our hands (Crispo et al., 2015), with 97.4% of embryos showing a strong GFP expression in 213 

vitro, 100% (9/9) of lambs born being GFP positive and 88.9% (8/9) showing a strong and 214 

evident GFP expression. In addition, transmission of the transgene to the progeny was observed 215 

in green fluorescent embryos produced by IVF using semen from the transgenic founder lambs 216 

(Crispo et al., 2015) as well as in F1 newborns (unpublished observation).  217 

Safety of LV transgenesis has been addressed regarding their viral origin. In a recent work from 218 

Cornetta et al. (Cornetta et al., 2013), analysis of blood and several tissues samples from 219 

recipient ewes of LV embryos demonstrates that none of the samples were positive for the 220 

vector, concluding that the LV does not cross the fetal-maternal barrier infecting the recipients 221 

ewes. However, small size of the vectors (up to 8 kb), the random integration of a single copy 222 

but in multiple sites, and the difficult production of high titer virus free of contaminants in the 223 

laboratory (Remy et al., 2010) makes this technology not valid to everyone. In spite the cons 224 

this technology could present, it requires less embryo micromanipulation skills and is still much 225 

more efficient than other techniques like pronuclear microinjection, and present much lower 226 

embryo injury than SCNT (Hofmann et al., 2003; Whitelaw et al., 2008). Moreover, the stable 227 

integration of the transgene into the genome together with the low gene silencing makes this 228 

approach useful for many laboratories working in large animal species.  229 

  230 

Transposons system 231 

Considered also as an active transgenesis technique, the main characteristic of transposon 232 

systems is their ability to move within of between genomes. Once introduced into the cell, 233 
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transposons DNA stably integrate into the host genome randomly and very efficiently. Reports 234 

in mice, rat and zebrafish accounts for a transgenic efficiency ranging from 14 to 90% (Geurts 235 

et al., 2011). The DNA move into the host genome via a cut-and-paste mechanism, mediating 236 

the insertion of single transgene units. This system allows for a larger cargo capability 237 

compared to LV, and gene silencing is also less frequent (Grabundzija et al., 2010). The most 238 

commonly used are the Sleeping Beauty, piggyBac and Tol2 systems, and introduction of these 239 

transposons into the embryo is via standard pronuclear microinjection. (Figure 1). 240 

This technology also presents some limitation since transposons lack strong target site 241 

specificity. Proposals to overcome this issue have been reported by using engineering chimeric 242 

transposases that would allow selecting a desired region of the genome to integrate the 243 

transgene of interest (Claeys Bouuaert and Chalmers, 2010). Although no transgenic goats or 244 

sheep have been reported yet using this technology, perhaps due to the preference for other 245 

technologies such as DNA vector injection, LV transfection, or more recently editing 246 

endonucleases, transposons system still provides a promising tool for the production of GE 247 

animals.  248 

 249 

RNA interference (RNAi)  250 

In order to elucidate gene function, RNAi emerged in the 2000s as a promising tool to 251 

knockdown proteins of interest in mammalian cells in culture and animals (Hammond et al., 252 

2001; Lewis et al., 2002). This technology is useful in species such as large animals where no 253 

embryonic stem cells for gene knock-out are available. This method is based in a sequence-254 

specific posttranscriptional gene silencing mechanism, and it has a demonstrated good 255 

efficiency using both small interfering RNA (siRNA, duplexes of 21 nt RNAs with 2 nt 3’ 256 

overhang) and small hairpin RNA (shRNA, a fold-back stem-loop structure).  257 

The first study with this technology in small ruminants was reported in 2006 and combined the 258 

LV technology to deliver a GFP transgene with a shRNA designed to suppress the expression 259 



11 
 

of caprine and bovine prion proteins in goat fibroblasts (Golding et al., 2006). With these cells 260 

the authors produced a cloned goat fetus by SCNT and compared its tissues with a WT control. 261 

Tissues from the cloned fetus expressed GFP, and western blot analysis in brain showed a 262 

decrease of 90% in the expression of the prion protein. Recently, a myostatin knock-down 263 

transgenic sheep model combining shRNA technology in fibroblast with SCNT in oocytes was 264 

reported (Hu et al., 2013). Three live lambs expressing the shRNA targeting myostatin in 265 

muscle were produced, with a significant inhibition in the protein expression. Previously, the 266 

same group reported the efficiency of siRNA for the myostatin gene in vitro (Tang et al., 2012), 267 

significantly down-regulating the expression of this gene in adult sheep fibroblast. In this case, 268 

the authors took advantage of the LV technology to deliver the siRNA construct into the cells 269 

and produced sheep embryos by SCNT. By introducing the GFP gene into the construct, a 270 

strong fluorescence in reconstructed embryos was shown. Again, the combination of these three 271 

technologies could be a good option to produce knock-down animals.     272 

Although RNAi holds great promise to investigate gene function and disease resistance in farm 273 

animals, new approaches described below as CRISPR/Cas9 system are rapidly substituting 274 

these previous technologies.   275 

 276 

Site-specific recombinases 277 

Originally found in bacteria, bacteriophage and yeast, these enzymes catalyze site-specific 278 

recombination between two specific DNA sequences and promotes integration, deletion or 279 

inversion of DNA, depending on the orientation and direction of two recognition sites. Two 280 

families of enzymes exist depending on the aminoacids present in their active sites, so-called 281 

tyrosine-type and serine-type. The most common tool for in vivo genome engineering in rodents 282 

is the bidirectional tyrosine-type simple recombinase (Cre and Flp recombinases). These 283 

enzymes catalyze reversible site-specific recombination events between two identical 284 

sequences (34-bp loxP sites for Cre, 48-bp FR sites for Flp).  285 
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In goats, the Flp system has been used in somatic cells to overcome the problem of SCNT 286 

random DNA integration (Yu et al., 2013). In this study the authors introduced an FRT-docking 287 

site by gene targeting in the cells, performed SCNT to rejuvenate the cells and subjected them 288 

to a second round of recombination introducing an EGFP reporter gene with the Fflp/FRT 289 

system. The resulting somatic cell clones exhibited faithful EGFP expression with the aim to 290 

use it as nuclear donors for farm animal cloning. This system could be useful in livestock 291 

somatic cells where there is no embryonic stem cells availability, allowing for transgenic farm 292 

animals’ generation with targeted gene integration. 293 

The Cre/loxP site-specific recombination system has also been tested in goat fibroblast cells for 294 

SCNT (Xu et al., 2008). To overcome some problems related to the introduction of selectable 295 

genes into the cells, the use of a cell-permeable protein transduction TAT-Cre recombinase 296 

system that avoids the introduction of foreign nucleic acids into cells was proposed (Glover et 297 

al., 2005). Two cloned goats were born from this approach, showing that TAT-Cre recombinase 298 

system is functional to produce SCNT transgenic goats.    299 

PhiC31 integrase has been tested also in sheep and goat fibroblast cells since it has some 300 

advantages over the Cre and Flp systems such as efficiency, unidirectional integration, high 301 

levels of long-term transgene expression and no size limitations (Calos, 2006). In this report 302 

eight pseudo-attP sites were identified in the goat genome, showing different levels of foreign 303 

gene expression (Ma et al., 2014). For sheep fibroblasts, three pseudo-attP sites were detected 304 

in the genome, and the transgene integrated showed high expression levels showing an 305 

acceptable efficiency of this technique also in sheep (Ni et al., 2012).  306 

 307 

Sperm mediated gene transfer (SMGT)  308 

The first report of this technology published by Lavitrano et al. in 1989 showed that mouse 309 

spermatozoa are able to “capture” foreign DNA molecules added to the sperm suspension, with 310 
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30% efficiency of transgenic pups born (Lavitrano et al., 1989). Thus, this technology relies on 311 

the DNA bound of sperm cells before fertilizing oocytes in vitro or by ICSI. This approach has 312 

been used in several species including goats and sheep despite controversial reports concerning 313 

the efficiency of this technique. 314 

In order to validate this technology in in vitro produced goat embryos, Shadanloo et al. 315 

(Shadanloo et al., 2010) incubated buck sperm with different pcDNA/his/Lac-Z plasmid 316 

concentrations and used it for IVF or ICSI in different conditions (i.e. IVF, motile sperm-ICSI, 317 

live-immotile sperm-ICSI, dead sperm-ICSI, or sham). Blastocyst development rate ranged 318 

from 11.7 to 26.2% among groups, with no significant differences with the development rate of 319 

control group (sham, 35.0%). Transgene expression was only observed in live-immotile and 320 

dead ICSI groups (9.5% best efficiency rate), concluding that transgene transmission and 321 

expression are affected by the technique used and the sperm status. In 2010, Zhao et al. 322 

reported the birth of transgenic live goats using SMGT with artificial insemination (IA) using 323 

different doses of fresh or frozen semen (Zhao et al., 2009). Transgenic rate reported by 324 

positive PCR from the born kids was 10.5% (8/76). This easy approach circumvents the 325 

technical limitations of ICSI and allows efficient transgenic rates.  The birth of GE live sheep 326 

produced with this technique has not been reported yet, however, the efficiency to produce in 327 

vitro blastocysts using SMGT for ICSI was enhanced by haploid chemical activation of injected 328 

oocytes with ionomycin plus 6-dimethylaminopurine (Pereyra-Bonnet et al., 2008; Pereyra-329 

Bonnet et al., 2011), obtaining over 80% of EGFP expression in blastocyst with this approach.  330 

Another interesting approach called testis mediated gene transfer (TMGT) has been firstly 331 

reported in mice obtaining 94% success rate (male mice that sired transgenic pups) (Dhup and 332 

Majumdar, 2008). This technology produces transgenic spermatozoa by transfecting 333 

undifferentiated spermatogonial stem cells with DNA. To validate TMGT in sheep and goats, 334 

some approaches have been reported with interesting outcomes and acceptable efficiency (He et 335 

al., 2012; Qin et al., 2012; Qin et al., 2013; Zhang Z. et al., 2014; Raina et al., 2015).  336 
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Despite the reported successes and regardless of its potential utilities, this group of techniques 337 

collectively called as SMGT has not been established as a consistent and reliable tool for 338 

genetic modification in farm animals. 339 

 340 

Endonucleases 341 

Enzymes which have the ability to cut DNA are termed endonucleases. Restriction 342 

endonuclease that recognised specific DNA sequences have enabled modern-day molecular 343 

biology. These bacterially derived DNA scissors, of which there are now many, each recognize 344 

a given DNA sequence. This powerful tool has now been surpassed through the advent of site-345 

specific nucleases that cause double strand breaks (DSBs) at specific loci within the genome. 346 

These endonucleases, of which there are now four types, are called genome editors (Urnov et 347 

al., 2010; Tan et al., 2012; Doudna and Charpentier, 2014). They herald a revolution in biology 348 

with applications across all three biological kingdoms and beyond into viruses. 349 

The genome editing tools can be to a greater or lesser extent designed to recognize any DNA 350 

sequence. Once bound to this sequence they engineered DSBs which in turn trigger the hosts 351 

DNA repair mechanisms by two competing pathways (Kanaar et al., 1998), non-homologous 352 

end joining (NHEJ) and homology directed repair (HDR). The former repair pathway can be 353 

exploited to cause insertion or deletion mutation (indel) which if targeted to exonic coding 354 

regions will in two-thirds of cases causes a frame shift mutation resulting in a C-terminal 355 

truncation or creation of a null allele. Alternatively if the target site lays-out with the coding 356 

region mutations to regulatory elements can be made. The latter pathway which involves a 357 

DNA repair template (usually in the form of a single-stranded DNA oligo or plasmid sequence) 358 

enables either exchange of a few nucleotides (e.g. allele swap) or transgene insertion. Note, 359 

only the latter event can be termed transgenesis as in all the former mutations no transgenic 360 

sequence is present at the target site.  361 
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Of the four types of genome editor, three are in common use. Meganucleases or homing 362 

endonucleases remain to garner widespread attention based on the perception they are limited 363 

in versatility. Recent effort, however, may indicate that this endonuclease may start to gain 364 

traction (Smith et al., 2006). The other three types of endonuclease are described below (Figure 365 

2). 366 

 367 

Zinc Finger Nuclease (ZFN) 368 

Fundamentally a ZFN can be viewed as a restriction endonuclease that can be directed against 369 

any target DNA sequence. A concept started in the mid-1990s (Kim et al., 1996) took another 370 

decade before being transformed into a usable tool through the development of a modular, 371 

library format (Urnov et al., 2010). Even so these reagents have proved difficult to produce and 372 

its construction challenge is restricting there usage by the scientific community. Nevertheless 373 

they remain a highly programmable, precise genome editing technology for livestock (Lillico S.  374 

et al., 2013). 375 

Genome editors have two basic parts: the endonuclease which actually cuts the DNA and 376 

something that directs the endonuclease activity to a specific DNA sequence. For ZFNs the 377 

restriction endonuclease is Fok1, while the targeting specificity is through the Cys2-His2 zinc 378 

fingers (Urnov et al., 2010). Zinc finger small peptides are one of the most common DNA 379 

binding domains in mammals and common to many transcription factors, with each finger 380 

specifically binding to a 3-base sequence (Garton et al., 2015). They are modular in nature and 381 

can be combined, usually as three or four adjacent fingers to target 9 or 12 bases in a given 382 

DNA sequence. ZFNs are employed as pairs which recognize target sequences in adjacent 383 

opposing DNA strands. When both partners in the pair bind to there respective target sequence 384 

this brings together on the intervening sequence the Fok1 which is an obligate dimeric enzyme 385 

(Miller et al., 2007; Doyon et al., 2011). The result is a targeted DSB. 386 



16 
 

ZFNs have been successfully applied to many species but as yet there are no reports of ZFN 387 

edited sheep and goats. Since they have been successfully used in zygotes for pigs (Lillico S.  et 388 

al., 2013) and are functional in ovine and caprine cells (Zhang C. et al., 2014; Song et al., 389 

2015), it is likely that they will have utility in small ruminants.  390 

 391 

Transcription Activator Like Effector Nuclease (TALEN) 392 

TALEN are similar to ZFN in that they are based on the Fok1 endonuclease with targeting 393 

specificity through peptides (Carlson et al., 2012; Tan et al., 2012). For TALENs these peptide 394 

are the transcription activator like-effector (TALE) domain existing in bacteria of plants, with 395 

each TALE domain recognizing a single DNA base. Each TALE consists of 34 amino acids 396 

with those at position 12 and 13 actually recognizing DNA and termed the repeat variable 397 

diresidue (RDV).  It is relatively easy to combine TALEs to target nearly any DNA sequence.  398 

TALENs have been used to produce genome edited sheep (Proudfoot et al., 2014). In this report 399 

TALEN mRNA was injected into the cytoplasm of abattoir-derived IVF oocytes with a 24% 400 

blastocyst development rate observed. A total of 26 blastocysts were transferred into nine 401 

recipient ewes with eight pregnancies going to term. Of the nine live lambs produced, one was 402 

shown to carry a heterozygous edit at the myostatin locus. In goats, gene targeting through 403 

TALEN-induced HR was recently reported for sequential gene knockout followed by gene 404 

knock-in, in this case assisted by SCNT (Cui et al., 2015). The authors produced β-405 

Lactoglobulin-free milk goats as mammary gland bioreactors for the large-scale production of 406 

human lactoferrin milk. The transmission of TALEN-mediated targeting events in somatic cells 407 

through the germline was also demonstrated. These results are representatives of the power of 408 

this technology. 409 

 410 

CRISPR/Cas9 system 411 
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The third genome editor termed Clustered Regularly Interspaced Short Palindromic Repeat 412 

(CRISPR) and CRISPR associated gene 9 (Cas9), differs from the Fok1- based tools in that 413 

utilizes RNA to confer target specificity (Cong et al., 2013; Jinek et al., 2013; Mali et al., 414 

2013). It is based on an ancient Archaea/Eubacateria adaptive immune defense system. It 415 

comprises several components; the CRISPR RNA (crRNA) array of exogenous DNA targets 416 

(protospacers) and direct repeat sequences, transactivating crRNA (tracrRNA) and Cas9 gene. 417 

The tracrRNA facilitates processing of crRNA array into a 20-nt guide sequence and a partial 418 

direct repeat. The 20 base ribonucleotide guide sequences directs the Cas9 nuclease to the 419 

target site by Watson-Crick base pairing, which with a unique protospacer adjacent motif 420 

(PAM) directs cleavage of target site. The clever bit in the development of this tool was the 421 

combining of crRNA and tracrRNA as a single guide RNA (sgRNA) sequence (Doudna and 422 

Charpentier, 2014).  423 

The CRISPR/Cas9 system, which was first described just over two years ago, has seen an 424 

unprecedented exponential increase in its use (Seruggia and Montoliu, 2014). It is extremely 425 

easy to set up in a general molecular biology lab. The reagents are not expensive and quick to 426 

make. Since unlike both ZFN and TALEN the endonuclease is not physically tethered to the 427 

DNA recognition function, opportunities for simultaneous delivery of multiple sgRNA 428 

realistically offers multiplex editing opportunities to be developed.  429 

Given the ease with which this genome editing tool can be utilized, it is not surprising that 430 

CRISPR/Cas9 edited sheep already exist (Crispo et al., 2015). In the first reported study 431 

CRISPR/Cas9 mRNA was injected into the cytoplasm of sheep zygotes with cleavage rate and 432 

development in vitro to blastocyst comparable to that of control injected zygotes. Genotyping 433 

of zygotes indicated a 50% editing frequency and from the 53 transferred blastocysts, 22 lambs 434 

were born of which eight biallelic and five heterozygous edited animals were identified. The 435 

target locus was myostatin and homozygous animals displayed the anticipated heavier body 436 

weight.  437 
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This system was also recently first reported in goats (Ni et al., 2014). The authors used 438 

CRISPR/Cas9 mediated approach to induce monoallelic and biallelic gene knockout in goat 439 

primary fibroblasts. Four genes were disrupted simultaneously in caprine cells, which were 440 

successfully used for SCNT resulting in live-born goats harboring biallelic mutations.  441 

The first reports of CRISPR/Cas show this system is a robust genome editing tool (Table 1) 442 

which in all likelihood will have extensive use in sheep, goats and other livestock.  443 

 444 

Genome editing strategies and future direction 445 

With regard to sheep and goats (and indeed all livestock), genome editing tools have a bright 446 

future (Fahrenkrug et al., 2010) when we contrast with the more traditional strategies (Clark 447 

and Whitelaw, 2003). To date, only NHEJ has been reported in sheep and goats but it can only 448 

be a matter of (a short period of) time before HDR animals are reported. Yet challenges remain. 449 

We still need to determine if off-target truly represent a constraint, with recent mouse studies 450 

indicating that they are probably not of much concern (Iyer et al., 2015). Strategies to reduce 451 

off-targets are continually being presented, with nickase variant enzymes being very appealing 452 

(Frock et al., 2015), however they currently are much less efficient that those which cause 453 

DSBs. Nickases could also be better for HDR, although several other strategies for biasing 454 

towards HDR rather than NHEJ have been demonstrated. These include the use of NHEJ 455 

inhibitor compounds and RNAi strategies, both designed to suppress components of the NHEJ 456 

molecular machinery. Although currently NHEJ is an easy tool with which to initiate projects, 457 

it is likely that HDR will over time predominate as this approach offers much more control over 458 

the actual final mutation sequence; both are equally precise in targeting specificity. 459 

The overall efficiency of genome editor delivery is good; with some reports achieving 100% of 460 

live born animals carrying an edition at the target site (Bhanu Telugu, University of Maryland, 461 

personal communication). As alternative, new more efficient nucleases may be further studied 462 

and proposed for gene edition. Nowadays we need to get more consistent with robust and 463 
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develop durable protocols. Specifically the issue of mosaicism in founder edited animals 464 

produced from injected zygotes needs to be tackled. Delivery can be to the zygote or the editing 465 

event can be produced in cells destined for SCNT, a route that may offer multiplex editing 466 

strategies more easily than through zygote injection. Certainly nobody knows the next coming 467 

breakthrough announcement, but in the following years multiplex approaches, conditional 468 

strategies and off-target free systems, are the challenges that are worth living in GE farm 469 

animals. 470 

 471 
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Figure 1. Schematic representation of different approaches for the generation of genetically 
engineered (GE) founders in sheep and goats. Immature oocytes could be obtained from 
live animals by Laparoscopic Ovum Pick-Up (LOPU) or from slaughterhouse ovaries. 
After maturation (MII stage) oocytes may be used for: A) Cytoplasmic recipient of a 
transgenic  donor cell (e.g. fibroblast) using somatic cell nuclear transfer (SCNT); B) In 
vitro fertilization (IVF) and subsequent  DNA/RNA delivery into the zygote by: a) 
pronuclear microinjection of DNA fragments, transposon system (TS), RNA interference 
(RNAi), and endonucleases (ZFN, TALEN and CRISPR/Cas9); b) Cytoplasmic 
microinjection of endonucleases (ZFN, TALEN and CRISPR/Cas9); c) Perivitelline 
injection of lentiviral vectors; or d) Electroporation of endonucleases without the need of 
embryo micromanipulation (proved only in rats and mice). C) In addition, sperm mediated 
gene transfer may be performed by incubating sperm with DNA  before insemination, IVF, 
or intracytoplasmic sperm injection (ICSI). Produced transgenic founders should be 
multiplied afterwards using advanced reproductive technologies.    
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Table 1. Expected outcomes for the production of genetically engineered (GE) founders in sheep 
and goats. Data compiled from 63 reports indexed in Scopus database1. Information is only 
descriptive since the variability among reports in results, methods and showed data make difficult 
further analysis. 
 Pronuclear microinjection 

(average data from 17,171 
zygotes) 

Somatic cell nuclear transfer 
(average data from 28,536 

fused oocytes) 

CRISPR/Cas 
(average data from 470 

zygotes)3 
Year of first GE sheep/goat 
report 

1985 (sheep) 1997 (sheep) 2014 (goats) 

Number of different GE 
models reported in sheep 
and goats2 

21 24 3 

Zygote/oocyte survival after 
micromanipulation 

60-90% <50% 60-90% 

Pregnancy rate in recipients 
(from transferred) 

Not affected (40-50%) Low (<30%) Not affected (40-50%) 

Delivery rate in recipients 
(from transferred) 

Not affected (30-40%) Low (<10%) Not affected (30-40%) 

Maintenance of pregnancy  Not affected Low Not affected 
Live newborns from 
transferred embryos 

∼15% (5 to 40%)  ∼1% (usually <10%) ∼20% 

GE animals from newborns <10% Usually 100% 20-50% 
GE live animals from 
transferred embryos 

∼1% ∼1% (usually <10%) 5-20% 

GE live animals from 
micromanipulated 
ova/embryos 

<1% <1% <5% 

Type of genome 
modification 

Knock in Knock in Knock in and 
Knockout 

Integration Randomly, multiple sites, 
mosaicism 

Randomly Homologous and non 
homologous end 

joining 
Technical feasibility + + +++ 
Costs per GE founder +++ ++ + 
Time consuming project +++ ++ + 
1Key words sheep or goats plus the name of each technique were used, with subsequent filter done 
one per one.  
2Some GE models are published in more than one report and some reports describes more than 
one model. 
3Regarding the low number of published reports with CRISPR/Cas9, this information should be 
taken as preliminary data. 
 


